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Abstract 

DTA measurements with mixtures of aluminum oxide and lutetium oxide around the 1:1 perovskite com- 
position were performed up to 1970 °C. A peak with onset 1901 °C was due to the melting of the eutectic 
LU4AI2O9 (monoclinic phase) and LuAlOa (perovskite). Neither peritectic melting of the perovskite nor 
its decomposition in the solid phase could be resolved experimentally. The maximum of the eutectic peak 
size is near x = 0.44, on the Lu-rich side of the perovskite, which is consistent with the conclusion that 
LuAlOs melts peritectically at ca. 1907 °C as proposed by Wu, Pelton, J. Alloys Compd. 179 (1992) 259. 
Thermodynamic equilibrium calculations reveal, that under strongly reducing conditions (oxygen partial 
pressure < 10~^'^bar) aluminum(III) oxide can be reduced to suboxides or even Al metal. It is shown that 
under such conditions a new phase field with liquid Al can appear. 
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1. Introduction 

The pseudo binary phase diagrams AI2O3- 
RE2O3 (RE stands for a rare earth element from 
La to Lu, or Y) contain up to four intermedi- 
ate compounds REAlnOig (/3-alumina type, sta- 
ble only for the larger RE'^^ from La to Eu), 
RE3AI5O12 (garnet type, stable only for the smaller 
RE3+ starting with Eu Q), REAIO3 (orthorhom- 
bic distorted perovskite type), and the monoclinic 
(P2i/c) RE4AI2O9 that were recently shown to 
exist for all RE^+ 0. Bulk single crystals from 
many of these compounds can be grown by conven- 
tional techniques such as Czochralski or Bridgman, 
and find applications e.g. in laser technology or as 
scintillators. The versatility of such crystals is en- 
hanced by the fact that all of them can easily be 
doped with other RE2O3 if the radii of RE''+ and 
RE are not too different. 

Kaminskii et al. Q have grown Nd'^+:LuA103 
(« 1% doping) single crystals using the Czochral- 
ski technique (Lu203:Al203 = 1:1 starting mate- 
rial, Ar or N2 atmosphere, Ir crucible, pulling rate 
2 — 5 mm/h, rotation 20 — 45 rpm, optimum growth 
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direction [112]). The resulting single crystals of 
several millimeter diameter and several centimeter 
length were mainly used for a thorough spectro- 
scopic characterization. The space symmetry group 
was found to be D^f^ = Pbnm with Z = 4 and 
ao = 5.100(3) A, 60 = 5.324(2)1, cq = 7.294(1)1. 
Occasionally, inclusions of LU3AI5O12 or LU2O3 
were found. Petrosyan et al. [3| reported the Bridg- 
man growth of Ce^+:LuA103 (< 1% doping) sin- 
gle crystals for scintillator applications (Mo cru- 
cible, Ar atmosphere with < 30% H2, pulling rate 
0.5 — 5 mm/h, diameter < 12 mm, length < 70 mm). 
Sometimes Mo inclusions (1 — 6/im sized platelets) 
were observed. Other unidentified inclusions of 
smaller size (0.1 — 1 /im) in the last grown sections 
of heavily doped crystals were assumed to be a re- 
sult of constitutional supercooling. Occasionally, 
gas bubble inclusions were found along the crystals' 
central axis. 

It was reported that LUAIO3 decomposes upon 
heating to the garnet LU3AI5O12 and the mono- 
clinic LU4AI2O9 or even LU2O3 |5|, iS]. Recently 
Petrosyan et al. Q explained this observation by 
the assumption that LUAIO3 is stable only in a lim- 
ited temperature range 1750 °C < T < 1930 °C and 
decomposes for higher and lower T to LU4AI2O9 
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and LU3AI5O13. The decomposition of one phase A 
to two other phases B and C identically below and 
above some finite stability range of A is not strictly 
forbidden. However such decomposition is not very 
likely for thermodynamic reasons, if all phases A, 
B, C possess fixed stoichiometry: It would require 
unusually sharp bends in the G{T) functions of the 
corresponding phases. Such behavior corresponds 
with the hypothetical curve (2) in Fig. [Tl whereas 
all other curves in this G'{T) = G{T) - Gp{T) di- 
agram (G'p(T) = perovskite data) were calculated 
with FactSage Q from tabulated thermodynamic 
values. In thermodynamic equilibrium the phase(s) 
with lowest G'(T), for a given composition x, are 
stable, and from Fig. [T] it is obvious that (G+M) 
transforms to (P) at Tp, further to (G+liq.) at Tpor 
(peritectic melting), and finally to liquid at Tuq. Al- 
most straight lines for G(T) — H ~T S are realistic 
for each single phase or phase mixture, as opposed 
to a sharp bend, which is indicated with curve (2), 
as enthalpy H and entropy S usually do not vary 
much with T . If one phase (as is indicated for the 
garnet by a dashed line in [7l|) possesses some fi- 
nite homogeneity range, the claims given above are 
not so strictly valid, but nevertheless strongly bent 
G{T) curves seldom occur. 
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Figure 1: Gibbs free enthalpy G' for different phases and 
phase mixtures with identical composition LuAlOs, com- 
pared with the reference state perovskite (P). 1/7 (G-l-M) 
with label (1) is the product side of label (2) would be 
the hypothetical case that perovskite is formed for T > Tp 
from garnet (G) + monoclinic phase (M), and decomposes 
for T > T* again to G-l-M. The dotted green line is pure 
liquid, and the short full line between Tper and T^q is the 
mixture G+liq. between peritectic decomposition and liq- 
uidus. Data from Q. 

In Q only the garnet melts congruently at 
2060 °C, and the monoclinic phase melts peritec- 



tically at 2000 °C under the formation of LU2O3. 
These claims were summarized in a phase diagram 
LU2O3-AI2O3 that differs considerably from the 
thermodynamic assessment by Wu and Pelton [§] 
where LUAIO3 melts incongruently at 1907 °C un- 
der the formation of LU3AI5O12. Later Kanke and 
Navrotsky reported enthalpy measurements by 
drop-in calorimetry with different RE-Al oxides, 
but LUAIO3 was not measured in this report. It 
was claimed instead that LUAIO3 could only be pre- 
pared under high pressure (which is obviously not 
true [l,|3l) — as the stability was said to be hmited 
by the disproportionation reaction 



LUAIO3 ^ yLu3Al50i2 + y 



LU4AI2O9 (1) 



which would be in agreement with [7]. Unfortu- 
nately, equilibria with the monoclinic phase were 
not discussed further in and instead the de- 
composition of perovskite to garnet and LU2O3 was 
discussed quantitatively (Fig. 7 in ^\^). The disso- 
ciation of several rare earth aluminum perovskites 
REAIO3 (RE = Gd, Ho, Er, Y, Tm, Yb, Lu) ac- 
cording reaction ([1]) was found by Bondar' et al. 
ll( who performed X-ray phase analysis of an- 
nealed poly- and single crystals. The decomposi- 
tion rate was reported to depend on temperature 
and annealing atmosphere, and, especially for RE 
= Tm, Yb, and Lu and at very high T > 1830 °C, 
a reducing atmosphere accelerates the decomposi- 
tion. 

The present paper reports differential thermal 
analysis (DTA) measurements with compositions 
around LuAlOs that were performed to clarify the 
contradictions mentioned above. 



2. Experimental and Results 

DTA measurements were performed with a NET- 
ZSCH STA 409C (graphite furnace, DTA sample 
holder with thermocouples W/Re). LU2O3 and 
AI2O3 powders (> 99.99% purity) were mixed in a 
molar ratio 1:1 (molar fraction of AI2O3 x = 0.500) 
in a mortar and ~ 20 mg of the mixtures were filled 
in DTA crucibles made of tungsten. The measure- 
ments were performed in flowing argon (99.999% 
purity, 40ml/min) with heating/cooling rates of 
±10K/min up to 197G°C. Homogenization of the 
samples was obtained during a first DTA heat- 
ing/cooling cycle, and only the subsequent DTA 
runs are used in the following for the derivation 



of phase equilibria. This procedure has the ben- 
efit that the chemical composition of the sample 
is always known exactly - which is in contrast to 
ex situ preparation by melting and crystallization, 
that can lead to segregation of the chemical compo- 
nents. Unfortunately, the small sample mass, some 
of which sticks tightly to the crucible wall, docs not 
allow subsequent phase analysis by X-ray diffrac- 
tion techniques. It should be noted that the DTA 
apparatus that was used here is virtually the same 
as was used by Ding et al. Q. The minor dif- 
ferences are only with respect to some electronic 
parts; but the furnace, sample holder with thermo- 
couples, crucible, heating rate, and atmosphere are 
identical. 
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Figure 2: DTA second heating and cooling curves for x = 
0.500 (= LuAlOa). 

Fig. [2] shows the second heating and cooling 
curves for the perovskite composition. Eleven other 
samples in a concentration range 0.352 < a: < 0.615 
were prepared by adding minor quantities of LU2O3 
or AI2O3, respectively, to the 1:1 mixture. The 
main features of Fig. [2] are almost identical with 
the DTA heating and cooling curves of crystalline 
LuAlOsiCe that are shown in Fig. 2 of Ding's pa- 
per 0]. It should be noted that there the "exo" 
direction was chosen downwards, whereas through- 
out this paper "exo" is upwards, in agreement with 
the ASTM E 472-86 standard. Another issue of Q, 
however, is critical: DTA peak temperatures were 
taken there to construct the phase diagram, but this 
is principally incorrect. The start of melting cor- 
responds to extrapolated onset temperatures, and 
peak temperatures lead to a systematic overesti- 
mation of melting points T{ during heating, and to 
underestimation of Tf if cooling curves are used [l^ . 

The broad effects in the heating curve for T 
« 1200 - 1300 °C were attributed by Ding et al. 



to the partial decomposition of the perovskite, 
as described in equation ([1]), and this interpreta- 
tion was apparently justified by high temperature 
X-ray diffraction patterns. Indeed, this explana- 
tion seems possible, but a phase transformation of 
the monoclinic phase LU4AI2O9 is an alternative 
explanation: For the isomorphous yttrium com- 
pound Y4AI2O9 Yamane et al [13] found by neu- 
tron diffraction a phase transformation from a low- 
T P2i/c phase to a high-T phase with identical 
space symmetry group. This martensitic transfor- 
mation is diffusionless and takes place by a shear 
mechanism near 1370 °C. The transformation rate 
depends on the mechanical stress state of the crys- 
tallites, and consequently on the grain size, as is 
typical for martensitic transformations. Unfortu- 
nately, no data are published so far for LU4AI2O9, 
but for all other small rare earth elements (starting 
from RE = Sm) the monoclinic RE4AI2O9 undergo 
a similar transformation between 1044 °C (RE — 
Sm) and 1300°C (RE = Yb) [H. All LU2O3-AI2O3 
phase diagrams published so far @, 0, Q assume 
that LUAIO3 decomposes slowly below « 1770 °C, 
and consequently traces of LU4AI2O9 within the 
solid could be responsible for the effects between 
1200 and 1300 °C. 

The large peaks in the heating and cooling curves 
near 1900 °C result from melting or crystallization 
of the sample. The onset temperature of the crys- 
tallization peak in Fig. [2] is lower than the onset of 
the melting peak by the supercooling AT ~ 19 K, 
and for other compositions AT is even larger. The 
reproducibility and comparability was better for 
DTA heating curves, compared with cooling curves. 
Only second heating curves, that were measured af- 
ter the first homogenization run, are used in the 
following for the investigation of phase equilibria. 
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Figure 3: DTA heating curves for 6 compositions around 
X = 0.500 (= LuAlOs, composition x given as parameter). 



The second heating DTA curves that were ob- 
tained with some samples around the LuAlOa com- 
position {x = 0.500) are shown in Fig. [31 It 
turns out that aU samples showed one melting peak 
with extrapolated onset Ton = 1901 ± 3°C. For 
X = 0.500, Ton = 1904 °C was measured, and 
this value is not significantly larger in comparison 
with the other compositions 0.352 < x < 0.550. 
(The latter is the last composition where this peak 
could be observed.) The peak area has a maxi- 
mum value A = 14.4/iVs/mg for x — 0.441 and 
becomes smaller to both sides: A — 8.45/iVs/mg 
for X = 0.352, A = 8.7/iVs/mg for x = 0.500, 
A = 5.7/iVs/mg for x = 0.550. For some samples, 
the peak had a small shoulder on the high-T side 
that could indicate the spacing between eutectic 
melting and liquidus temperatures (e.g. x — 0.441 
in Fig. [3]). No additional peaks could be found for 
any sample up to 1970 °C. A second peak due to 
the peritectic decomposition of LuAlOa should be 
expected for Al-rich compositions, but the thermal 
diiference of the eutectic and the peritectic is only 
« 8 — 10 K (see Fig. U]) and could not be resolved 
due to the limited resolution at such high T. 

It would be desirable to perform DTA measure- 
ments in the whole system from LU2O3 to AI2O3, 
and especially around x — ^ (LU4AI2O9) and x = 
0.625 (LU3AI5O12), but unfortunately the melting 
points for all 4 compounds are > 2000 °C and can- 
not be reached with the DTA apparatus that was 
available. 

3. Discussion 

Both Petrosyan et al. 0] and Wu et al. 0] 
report that LuAlOa is an intermediate phase be- 
tween LU4AI2O9 and LU3AI5O12. The phase dia- 
gram that is reported by the former authors (Fig. 1 
in 0) shows an eutectic point Xcut ~ 0.5, Tout ~ 
1960 °C between Lu4Al20g (incongruently melting 
at 2000 °C) and LU3AI5O12 (congruently melting 
at 2060 °C). In contrast, the phase diagram by Wu 
et al. (Fig. 17 in based on a thermodynamic 
assessment, shows LUAIO3 melting incongruently 
at 1907 °C under formation of LU3AI5O12 (congru- 
ently melting at 2043 °C). Between LU4AI2O9 (con- 
gruently melting at 2040 °C) and LUAIO3 a eutectic 
point (xcut = 0.46, Teut = 1897 °C) is shown. 

The current DTA measurements showed no ther- 
mal effects near 1960 °C, but a strong melting peak 
near 1901 °C instead. The maximum peak size was 
found near x = 0.441. Both T and x correspond 



well with the eutectic point that was reported by 
Wu et al. 0]. The current results are not in agree- 
ment with the results of Petrosyan et al. where 
the eutectic is proposed at higher T and at x = 0.50. 
The disproportionation reaction ([1]) cannot explain 
the DTA peaks in Fig. [3] for the following reasons: 

1. The measured DTA peaks are by « 20K too 
low. 

2. The maximum peak size was measured slightly 
to the Lu-rich side {x w 0.44) from the LUAIO3 
composition where it should be if the per- 
ovskite decomposed in the solid phase. 

3. Such a strong thermal effect with large con- 
sumption of heat is expected to be the result 
of a melting process rather than a process be- 
tween solid phases only. Indeed it could be seen 
that the DTA samples were really molten di- 
rectly after passing the peak, if the DTA mea- 
surement was stopped there. 

It can be concluded that under the current ex- 
perimental conditions the phase diagram of Wu et 
al. [9] is correct. However, the question should 
be discussed why different results were found by 
others: Petrosyan et al. 7] write that their mea- 
surements were performed under argon/hydrogen 
atmosphere, with unspecified composition. More- 
over, it is claimed that ". . . Lu and Al have sta- 
ble oxidation states (III) . . . (and) changes in phase 
states of condensed systems will not depend on the 
change ... of the partial pressure of oxygen in the 
co-existing gaseous phase" . 

In a previous paper [ist Petrosyan et al. used 
a mixture of 20Vol.% H2 with 80Vol% Ar and 
one can assume similar conditions here. If such 
gas mixture equilibrates with LUAIO3 a resulting 
P02iT) = 1.1 X 10-13 bar at 1900 °C or po2{T) = 
1.7 X 10-12 bar at 2000°C, respectively, can be 
calculated [1]. If 30Vol.% H2 in Ar is used in- 
stead [1], these po2{T) are further scaled down 
by a factor « 0.75. It should be noted that 
under such experimental conditions O2 is mostly 
dissociated: po{T) = 7.7 x 10"i°bar at 1900 °C 
and po{T) = 5.6 x 10"^ bar at 2000 °C. For the 
growth of doped or undoped sapphire crystals (a- 
AI2O3, Tf = 2054°C)^he formation of bubbles 
is a well known issue [lil [l7l |. Aluminum subox- 
ides Al2 0(gas), AlO(gas), and Al(gas), which are 
formed especially under high T and low po^ are in- 
volved in the formation of such gaseous inclusions 
[isl . [lit ■ It interesting to note that gas bubble in- 
clusions have been seen in Ce:LuA103 crystals un- 



der Petrosyan's growth conditions [4] with up to 
30VoL% H2 in Ar. 

Fig. d] shows with sohd hnes the phase diagram 
LU2O3-AI2O3 as reported by Wu and Pelton 
where LuAlOa melts incongruently at 1907 °C. It 
turns out that this diagram is vahd only for suf- 
ficiently high P02 ^ 10^^^ bar. For the Ar/H2 
mixtures mentioned above, however, the calculated 
oxygen partial pressure is very close to this criti- 
cal limit. If P02 is slightly lower, Al203-rich melts 
are reduced and Al(liq) appears as an additional 
phase in the top right corner of Fig. [D The new 
boundary (dashed line) separating the phase field 
"melt -I- Aliiq" from "melt" moves to lower T if 
decreases. 

Already for P02 = 2.5 x lO^-'^'^bar, as shown 
in Fig. m the "melt -I- Aluq" field touches the 
AI2O3 liquidus line. This means that the liquidus, 
starting from the eutectic point LU3AI5O12/AI2O3, 
does not reach the melting point of pure AI2O3 
(cc = 1.00, Tf = 2054°C). Instead, it bends hor- 
izontally at X = 0.95, T = 2007 °C in this case. 
During the calculations that lead to Fig. 2] the gas 
phase was taken into account as an ideal mixture. 
Thus it was possible to calculate the vapor pressure 
of some relevant species at several points, and the 
results are shown in Tabled] AI2O and Al are the 
most important species for aluminum, and LuO and 
Lu for lutetium. Along the dashed phase bound- 
ary the vapor pressure of lutetium bearing species 
is S 10^^ bar at points A and B (close to phase 
fields with solid phases), and reaches not more than 
Py — 4.3 X 10^^ bar (Lugas) even for the high- 
est 2200 °C shown here (point C). For such low py 
the evaporation of lutetium is expected to be very 
small. 

The Py for AI2O and Al, contrarily, are much 
larger at every point and reach values as high as 
« 200mbar at points A-C. Even at point D, in the 
middle of the LUAIO3 liquidus, the combined vapor 
pressure of the aluminum bearing species 



total, Al 

Pv 



Py 



(2) 



reaches 0.9 mbar. This is already sufRciently high, 
and considerable evaporation of Al cannot be ruled 
out - especially if the melt is overheated. 

4. Conclusions 

Under sufficiently high oxygen partial pressure 
PO2 > 10^^'^ bar the melting behavior of LUAIO3 
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Figure 4: The phase diagram LU2O3-AI2O3, calculated with 
FactSage and Wu's data 8, 9] for a oxygen partial pressure 
PO2 > 10~^^bar (solid lines). For a lower P02 = 2.5 X 
10"^* bar a new phase field with liquid Al appears for high 
T and high Al concentrations. Vapor pressures for several 
species at points A — D are given in Table [Tl 



Table 1: Vapor pressures (pv in bar, P02 = 2.5 X 10 ^'^ bar) 
for several gaseous species at points A - D shown in Fig. |4] 
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can be described by the LU2O3-AI2O3 phase dia- 
gram of Wu and Pelton [i, Q (Fig. Under 
strongly reducing conditions, however, AI2O3 is re- 
duced partially and aluminum bearing species reach 
high volatility. This can lead to the formation of a 
new phase field with Al(liq) in the phase digram 
as well as to the enhanced evaporation of Al from 
the melt, resulting in a concentration shift. The 
liquidus of LUAIO3 in Fig. U] extends only from 
X = 0.50 to Xcut = 0.46, resulting in a tiny crys- 
tallization window of only 4mol%. If the very high 
heating rates of Petrosyan et al. [1, 0, up to 
3000K/min are taken into account, some degree of 
overheating seems to be realistic. This, together 
with strong gas convection, may be responsible for 
aluminum loss and for the claim of the perovskite 
decomposition in the solid phase following ([1]), or 
even under the formation of LU2O3. 

The main difference of the LU2O3-AI2O3 phase 
diagrams that was published by Petrosyan et al. Q , 
compared with the d iagram by Wu, Pelton (that 
can also be found in [6|,|2C|) is the decomposition of 
solid LUAIO3 perovskite to a phase mixture of solid 
Lu4Al20g (monoclinic phase) and solid LU3AI5O12 



below and above some critical temperatures. The 
decomposition seems unquestionable for small T < 
1800 °C, but no indications were found here for the 
equilibrium decomposition of the perovskite to gar- 
net and monoclinic phase at T > 1930 °C. Instead, 
peritectic melting at « 1907 °C, as already reported 
by Wu, Pelton [9|], was confirmed. Under strongly 
reducing atmosphere, as is sometimes used for the 
growth of LuAlOa crystals, Al'^^ can be partially 
reduced to metallic aluminum, or to aluminum sub- 
oxide. Only in this case, the evaporation of Al or 
AI2O may lead to the decomposition of LuAlOs al- 
ready below its peritectic melting point. 
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